We show that a strained wire of a Weyl semimetal supports a new type of gapless excitation, the chiral sound wave (CSW). The CSW emerges due to the axial-axial-axial (AAA) triangle anomaly which couples the chiral charge density to elastic axial gauge fields. The CSW may propagate for long distances as it does not couple directly to quickly dissipating electromagnetic plasmons and its damping is controlled by the slow chirality flip rate. The chiral phonons propagate along the strain-induced axial magnetic field, and not in the opposite direction. We propose an experimental setup to detect the chiral sound, which is excited by mechanical vibrations of the crystal lattice in the GHz frequency range. Our findings contribute to a new trend, the chiral acoustics, in strained Weyl semimetals.
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The low energy electronic excitations of Dirac and Weyl semimetals in three dimensions are Weyl fermions [1] [2] [3] [4] [5] [6] . Despite the complexity of the band structure of real materials they have been providing evidences of high energy phenomena often related to quantum anomalies, in particular, experimental evidences for the chiral anomaly [7] [8] [9] [10] [11] and the chiral magnetic effect [12] have been reported in semimetals [13] [14] [15] [16] [17] . More recently, the gravitational [18, 19] , conformal [20] [21] [22] [23] and torsional [24] anomalies have also been incorporated to the play. Directly related to the chiral anomaly there is a prediction in the physics of the quark-gluon plasma, of the existence of a collective excitation called chiral magnetic wave [25] which have eluded experimental detection so far due to its strong hybridization with the plasmons [26] . In this work we propose a new type of gapless excitation in strained Weyl semimetals, the chiral sound wave (CSW) which can be easier to detect than its magnetic counterpart. It is induced by a special contribution to the chiral anomaly based on the coupling of the electronic excitations with the elastic pseudo magnetic fields.
The chiral sound wave. Lattice deformations couple to electronic degrees of freedom of Weyl materials in the form of elastic gauge fields constructed with the deformation tensor. This particular electron-phonon coupling was first described in graphene [27, 28] where, due to the extraordinary flexibility of the material, it gave rise to a full industry associated to straintronics [29] . The construction of elastic gauge fields in three dimensional (3D) Weyl semimetals (WSM) in [30] has been followed by a number of works analyzing their physical consequences [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] . An experimental realization of elastic gauge fields in a WSM has appeared recently [42] . The most interesting characteristic of these elastic gauge fields is that they couple with opposite signs to the two chiralities, i. e., they are axial pseudo-gauge fields [44] .
In a general case, for a Weyl semimetal with two Weyl nodes separated in momentum space by a vector b, the axial gauge field induced by an elastic deformation of the lattice described by the displacement vector u is given by
where u ij is the strain tensor [43] :
In the definition in Eq. (1) we have absorbed an elastic material-dependent coefficient of the order or unity. The axial electric and magnetic fields are defined in the standard way:
These fields lead to the nonconservation of the axial charge via axial-axial-axial (AAA) triangle anomaly [18] :
where
R is the axial current. The coefficient of the AAA anomaly (4) is three times smaller than that of the usual AVV anomaly [18] . The corresponding diagram is shown in Fig. 1 . In the presence of a chiral imbalance, the AAA triangle anomaly (4) leads to the generation of an axial current j 5 along the direction of the axial magnetic field B 5 : 
In what follows we will show that the transport law (5) and the continuity equation for the current leads to the appearance of a new sound-like chiral excitation propagating along the axial magnetic field. The derivation is the same as that leading to the chiral magnetic wave in ref. [25] . Let us fix the axial magnetic field along the z axis, B 5 = (0, 0, B z 5 ) and consider the propagation of the axial current along the magnetic field, j 5 = (0, 0, j z 5 ). For a static stress, the axial electric field vanishes, E 5 = 0, and the axial charge in Eq. (4) is conserved:
where ρ 5 ≡ j 0 5 is the chiral charge density. For weak axial-magnetic field background fields,
F , the chiral density is determined, in thermodynamic equilibrium, by the chemical potentials µ and µ 5 , the temperature T , and the Fermi velocity v F [17] :
For small perturbations in the axial charge density, µ 5 max(µ, πT ), the last term in Eq. (7) may be neglected. Combining Eqs. (4) and (6) with the linearized Eq. (7), we get that the axial-density perturbations in the long-wavelength limit obey the equation:
which possess gapless solutions
propagating with velocity
along the axis of the axial magnetic field.
In the opposite limit of a strong axial magnetic field,
F , the system enters the quantum limit where only the lowest Landau level is occupied, and the chiral density is simply
In this case the velocity of the mode (8) equals the Fermi velocity:
An important feature of this chiral sound is that the propagation is strictly unidirectional: the wave propagates only in the positive direction along the axis of the pseudo magnetic field and not in the opposite way. We call this new gapless mode the Chiral Sound Wave (CSW). The dispersion of the CSW is linear:
where n is the unit vector pointing into the direction of the elastic magnetic field. In addition to its unidirectional nature, the CSW possesses another unusual feature: it does not couple to the electromagnetic fields at linear order. This means that the chiral sound does not mix with the quickly dissipating plasmon modes, implying that it propagates longer and dissipates slower than the chiral magnetic wave [26] .
Experimental setup. Interplay of chiral and ordinary phonons. Consider a long straight rod of length L and radius R made of a Weyl semimetal. We choose the z-axis along the symmetry axis of the rod and twist it uniformly about this direction. The degree of the twist is given by the torsion angle θ which determines the angle of the rotation of the rod ϕ per its unit length: θ = ∂ϕ/∂z. For |θ|R 1, the twist induces the strain u x = −θyz, u y = θxz, and u z = 0. According to Eq. (2), the strain tensor for the twisted rod possess only two nonzero components: u xz = −θy/2 and u yz = θx/2. To optimize the value of the pseudomagnetic field in Eq. (1), it would be advantageous to fabricate a rod with the symmetry axis along the direction of the internode vector b ≡ b e z . In this case the elastic gauge field takes the form A 5 = (−y, x, 0)θb/2, corresponding to the elastic axial magnetic field
in the interior (bulk) of the rod. The bulk magnetic field is directed along the symmetry axis of the rod, as shown in Fig. 2 . It is worth noticing that the total flux of the pseudo-magnetic field through the crosssection of the rod is zero. The flux of the bulk field in Eq. (12) is compensated by the pseudo-magnetic field oriented in the opposite direction and concentrated at the surface of the rod [31] . In this work we discuss the bulk effects only. Longitudinal vibrations of the lattice (standard phonons), will induce an axial electric field parallel to the pseudomagnetic field (3), and activate the AAA chiral anomaly in Eq. (4) . The rate of the axial-charge non-conservation is determined by the product
In this way, standard longitudinal phonons will couple with the chiral phonons. This is the basis of the proposal for the experimental setup to hear the chiral sound due to the elastic deformations of the Weyl crystal.
The elastic deformation u z (t, x) of the crystal lattice affects the axial current j µ 5 via Eq. (4):
where the first term in the right-hand side corresponds to the AAA anomaly proportional to E 5 B 5 and the last term accounts for the relaxation of the chiral charge via inter-valley transitions with the characteristic time τ 5 . The axial current, in turn, affects the propagation of the ordinary phonons. The electron-phonon interaction is described by the Hamiltonian
where we have used the explicit form of the elastic field in Eq. (1). The wave equation for phonons is given by a variation of a phonon Hamiltonian with respect to the elastic deformation u z :
where the right-hand side is induced by the variation of the interaction part, Eq. (14) of the total Hamiltonian. In Eq. (15) the phenomenological constant κ determines the strength of the interaction and v s ≡ v L is the longitudinal velocity of sound. In Eqs. (13) and (15), the z-component of the axial current j z 5 is related to the axial charge density ρ 5 via the transport law Eq. (5) generated by the AAA triangle:
where v CSW is the velocity of the chiral sound wave (9) in the background of a weak elastic axial magnetic field. Equations (13), (15) , and (16) describe the mixed propagation of chiral and ordinary phonons.
Propagating modes. Sound attenuation. Let us consider the plane wave solutions for both ordinary: u z k (t, z) = u z k e −iωt+ikz and chiral phonons: ρ 5,k (t, z) = ρ 5,k e −iωt+ikz , respectively. According to Eqs. (13), (15), and (16), their amplitudes are fixed bŷ
where the mixing matrix iŝ
The various branches of the energy dispersion ω = ω(k) are determined by the requirement that the determinant of the matrix Eq. (18) vanishes:
where we have added a sound attenuation rate ν s = 1/τ s which accounts any source of the (ultra)sound dissipation other than the scattering of the chiral and ordinary phonons (for simplicity we neglect possible anisotropies of the sound attenuation). From Eq. (19) we see that the strength of the mixing between the ordinary and chiral phonons is given by the parameter
which has the dimension of velocity (m/s). The inter-valley scattering rate ν 5 = 1/τ 5 , the velocity of the longitudinal sound v s , and the sound attenuation rate ν s are, basically, strain-independent parameters which are determined by the crystal and electronic structure of a particular Weyl semimetal. On the contrary, the velocity v CSW of the chiral phonons and the coupling v 2 p between the chiral phonons and the ordinary phonons are strain-dependent quantities linearly proportional to the twisting angle θ. In the long-wavelength limit, k → 0, the solutions of Eq. (19) decouple into three branches. The first branch corresponds to the pure chiral sound which carries fluctuations of the axial charge with the the attenuation corresponding to the chiral relaxation rate,
Acoustic phonons may only affect the propagation of the chiral phonons at the level of the next-to-leading, quadratic O(k 2 ) terms in the dispersion relation (21). The long-wavelength solutions of Eq. (19) include also two branches of the standard acoustic phonons which propagate in both senses in the direction along the axis of the elastic magnetic field with the dispersion:
The velocity of the acoustic phonons,
is affected by the presence of the chiral phonons via the "mixing velocity" v p = v p (θ), given in Eq. (20) . The amplitude Eq. (17) of the acoustic branches Eq. (22) is given by
where N is a normalization factor. The mixing of the acoustic phonons and chiral density fluctuations vanishes in the strict long-wavelength limit k → 0; in this limit, the dissipation rates of the chiral and the two acoustic branches are given by the inter-valley ν 5 and sound ν s dissipation rates, respectively. A numerical analysis of the dispersions of the three phonon branches made with the standard parameters of T aAs is shown in Fig. 3 . We can distinguish two main regimes of propagation depending on the frequency of propagation k.
At low frequencies, the dispersion of the ordinary phonon branches is dictated by the mixing parameter v p in Eq. (20) . The velocity of the linear branches Eq. (23) is real for low strains θ. These branches disappear at a critical θ c given by
above which the long-wavelength acoustic phonons acquire a quadratic dispersion, ω ∼ k 2 . The dispersion of the chiral phonons remains linear. We will give an estimation of θ c when discussing the experimental accessibility of the chiral sound.
At larger momenta k, the dispersions of all three branches the chiral-like ( = 0) and the acoustic-like ( = ±), become linear again:
where the velocities v are the roots of the equation:
These velocities will in general be different if v p = 0). If the mixing between the chiral and acoustic phonons is small (v p v s and v p v CSW with v s = v CSW ), the velocities become:
Possible experimental observation. Equations (28) offer an insight on how to detect the AAA anomaly in an experimental setup. The anomaly leads to the existence of the uni-directional chiral sound wave which couples to the ordinary, bi-directional acoustic phonons. In particular, the velocities of the short-wavelength acoustic branches depend on their direction. The split in velocities depends on the magnitude and the sign of the twisting angle θ:
where we used Eq. (20) and assumed the strongly twisted rod implying the quantum regime v F v s . In the unstrained material, the contribution of the AAA anomaly to the split in the velocities of counterpropagating short-wavelength acoustic branches Eq. (29) should be zero. Thus a measurement of the velocity split at θ = 0 gives an experimental control over imperfections of the rod. Twisting the rod in both directions consecutively, θ > 0 and θ < 0 should reveal the velocity split with different signs. In the large-wavelength regime the velocity split becomes less pronounced, while the counter-propagating acoustic waves appear to possess different dissipation rates due to the different coupling to the chiral phonons. This feature is well seen in Fig. 3 .
For a numerical estimation of the magnitudes, it is convenient to rewrite Eq. (19) in terms of dimensionless ("barred") variables:
where the energy ω and momentum k, as well as the velocity v s and the relaxation rate ν s of the sound are expressed via the appropriate combinations of the Fermi velocity v F and the intervalley relaxation rate ν 5 :
The torsion angle θ enters Eq. (30) in the form of the dimensionless chiral phonon velocityv CSW and the dimensionless interaction coefficient χ between the ordinary and chiral phonons:
where we used Eq. (20) . The magnitude of the typical "barred" parameters for the Weyl semimetal TaAs is given in Table I [5, 16, 45] . Summary and perspectives Based on the same physics that gives rise to the chiral magnetic wave [25] , but driven by axial elastic gauge fields, we have found a unidirectional chiral sound wave (CSW) which propagates longer and dissipates slower than the chiral magnetic wave making better prospects for its experimental detection. The key difference is that our CSW does not hybridize with plasmons to linear order in the derivative expansion. It does hybridize with standard acoustic phonons, what provides the way to its experimental detection. The proposed experiment is based on a second distinctive feature: The CSW propagates in the direction of the elastic magnetic field in one sense only so that the phonon dynamics in the two senses will be different. Such an experiment will provide a double confirmation, first of the AAA contribution to the chiral anomaly, and second to the presence of elastic gauge fields in Weyl semimetals.
Other interesting proposals of chiral waves in Weyl semimetals (normally in magnetic or pseudomagnetic fields) can be found in refs. [31, 38, 46] . Acoustic phonons running with different velocities along the opposite directions of a magnetic field in a chiral (not WSM) material have been described in [47] .
The search for evidences of the chiral anomaly in WSMs away from the standard magneto-electric measurements has become a very active field in the area [47] [48] [49] [50] [51] . Previous proposals of using standard phonons are dimmed by their hybridization with collective electronic excitations while some materials, as T aAs, do not support pseudoscalar phonons [48, 49] . Our mechanism will occur generically in all materials with well separated Weyl nodes. The chiral wave analyzed in this work will perhaps be one of the cleanest evidences for the chiral anomaly coming from the less common AAA diagram.
More exotic Weyl meta-materials made with optical, acoustic, or magnon lattices [52] [53] [54] [55] have appeared recently in the material sciences providing new platforms for chirality-based applications [56] . An interesting perspective is to see if this chiral wave will also arise in these Weyl materials where elastic gauge fields will also be present [57, 58] .
The 
